Smoking and smokeless tobacco cause morbidity that originates from the epithelium lining of the skin and upper digestive tract. Oral keratinocytes (OKC) express nicotinic acetylcholine receptors (nAChRs) that bind nicotine (Nic). We studied the mechanism of the receptor-mediated toxicity of tobacco products on OKC. Preincubation of normal human OKC with Nic altered the ligand-binding kinetics of their nAChRs, suggesting that the nAChRs underwent structural changes. This hypothesis was confirmed by the finding that exposure of OKC to Nic causes transcriptional and translational changes. Through RT-PCR and immunoblotting, we found a 1.5-to 2.9-fold increase in the mRNA and protein levels of ␣3, ␣5, ␣7, ␤2, and ␤4 nAChR subunits. Exposure of OKC to Nic also changed the mRNA and protein levels of the cell cycle and cell differentiation markers Ki-67, PCNA, p21, cyclin D1, p53, filaggrin, loricrin, and cytokeratins 1 and 10. The nicotinic antagonist mecamylamine prevented these changes, which indicates that the Nic-induced changes in the expression of both the nAChR and the cell cycle and cell differentiation genes resulted from pharmacologic stimulation of nAChRs with Nic. To establish the relevance of these findings to the pathobiologic effects of tobacco products in vivo, we studied the above parameters in the oral tissue of rats and mice after their exposure for 3 weeks to environmental cigarette smoke or drinking water containing equivalent concentrations of Nic that are pathophysiologically relevant. The changes of the nAChRs and the cell cycle and cell differentiation genes were similar to those found in vitro. The results of indirect immunofluorescence assay of tissue specimens validated these findings. Thus, some pathobiologic effects of tobacco products in oral tissues may stem from Nic-induced alterations of the structure and function of keratinocyte nAChRs responsible for the physiologic regulation of the cell cycle by the cytotransmitter acetylcholine. (Lab Invest 2001, 81:1653-1668.
T he epithelial cells lining human attached gingiva and the upper two-thirds portion of the esophagus have recently been shown to express cholinergic enzymes and receptors that mediate acetylcholine (ACh) signaling (Nguyen et al, 2000a (Nguyen et al, , 2000b . The cholinergic system of oral epithelium includes the synthesizing enzyme choline acetyltransferase, two molecular forms of the degrading enzyme acetylcholinesterase, the asymmetric and the globular forms, and two classes of ACh receptors, the nicotinic and the muscarinic receptors. The heteromeric nicotinic ACh receptor (nAChRs) channels on the cell membrane of oral keratinocytes (OKC) can be composed of ␣3, ␣5, ␤2, and ␤4 subunits, eg, ␣3␤2(␤4) Ϯ ␣5, and the homomeric channels can be made of several ␣7 or ␣9 subunits (Conti-Tronconi et al, 1994) . The diversity of nAChRs expressed by OKC in the course of their development could allow a single cytotransmitter ACh to exert different effects on these cells at various stages of their development, which helps explain the plethora of biological effects of ACh on the stratified squamous epithelium (Grando, 1997) . This novel nonneuronal cholinergic system of the oral epithelium may target OKC for the direct effects of nicotine (Nic), thus providing an additional mechanism for tobaccoinduced morbidity in the upper digestive tract. Although tobacco smoke contains over 3000 chemicals, it has been proposed that Nic is one of the key constituents causing adverse health effects (Benowitz, 1986 (Benowitz, , 1997 Benowitz and Gourlay, 1997; Zevin et al, 1998) and that Nic replacement products may also be harmful (Grady, 1998) .
Nic replacement therapy is now widely used to aid tobacco cessation, and most of these products, ie, chewing gum, nasal spray and inhaler, involve absorption of Nic through the mucosa. Unfortunately, little is known about the direct effects of Nic on the mucosal epithelium, and the safety of replacement therapy has yet to be determined. Nic, acting through the nAChRs expressed by nonneuronal cells, has recently emerged as a candidate for the major pathogenic factor in tobacco-related morbidity because it exhibits a regulatory role in the biological processes which are intimately connected with each other, including cell growth, motility, and differentiation (Heeschen et al, 2001) . Although it has been reported that Nic directly affects OKC (Chen et al, 1994; Hall et al, 1984; Ringdahl et al, 1997) , the kind of cellular alterations and the biochemical pathways mediating the effect of Nic remain unclear. Simultaneous exposure to Nic and hyperoxia causes tumors in hamsters, and antagonists of nAChRs inhibit this process (Schuller et al, 1995) . This suggests that chronic stimulation of nAChRs on the epithelial cell membrane in an environment of impaired oxygenation contributes to the carcinogenic burden associated with exposure to tobacco products (Schuller et al, 1995) . Indeed, it has been demonstrated that pure Nic dramatically alters both keratinocyte kinetics and differentiation (Grando et al, 1996; Kwon et al, 1999; Zia et al, 2000) , which are associated with an increased transmembrane Ca 2ϩ influx and intracellular levels and could be blocked or attenuated in the presence of mecamylamine (Mec) (Grando et al, 1996) .
The normal functioning of the keratinocyte ACh axis may be altered in tobacco users because Nic alters both the amount and composition of nAChRs. Previously, we reported that the repertoire of nAChRs in the respiratory epithelium of chronic smokers is significantly different from that in nonsmokers and that the changes can be reproduced in cultures of bronchial epithelial cells exposed to 10 M Nic (Zia et al, 1997) . The goal of this study was to correlate the effects of Nic and tobacco products on the cell cycle and cell differentiation of OKC with the effects on the structure of nAChRs in these cells. We hypothesized that the pathobiologic effects of tobacco products in the stratified squamous epithelium stem, at least in part, from alterations in the structure and function of the keratinocyte cholinergic system caused by chronic stimulation with Nic.
We found that the exposure of normal human OKC to Nic alters the ligand-binding kinetics of their nAChRs, suggesting structural changes of the receptors. The changes were found at both the transcriptional and translational levels. Through RT-PCR and Western blotting, we detected a 1.5-to 2.9-fold increase of mRNA and protein levels of ␣3, ␣5, ␣7, ␤2, and ␤4 nAChR subunits. Exposure of OKC to Nic also changed the mRNA and protein levels of Ki-67, PCNA, p21, cyclin D1, p53, cytokeratin (CK) 1, CK 10, filaggrin, and loricrin. Aqueous extract of smokeless tobacco (AEST) produced similar changes. Mec could prevent these alterations, indicating that Nic-induced changes in the expression of both the nAChR and the cell cycle and cell differentiation genes resulted from a pharmacologic stimulation of nAChRs. To establish the relevance of these findings for the pathobiologic effects of tobacco products in vivo, we studied the oral tissue of rats and mice after their exposures for 3 weeks to environmental tobacco smoke (ETS) or drinking water containing an equivalent concentration of Nic. The changes in nAChRs, cell cycle progression, and cell differentiation were similar to those found in vitro, and results obtained in indirect immunofluorescence (IIF) assay of tissue specimens confirmed these findings. Thus, some of the pathobiologic effects of tobacco products on the oral tissue may stem from Nic-induced alterations of the structure and function of nAChRs that alter the physiologic regulation of the unfolding of the genetically-determined program of cell development, leading to an early and excessive squamatization of the stratified epithelium. Taken together, these observations may shed light on the mechanisms which lead to precancerous lesions in tobacco users.
Results

Nic Alters nAChR Number and Binding Kinetics in Human OKC
The nAChR expression level and receptor affinity in cultured normal human OKC were characterized in radioligand binding assays using the nicotinic radioli- (Zia et al, 1997) , we hypothesized that exposure to Nic may also alter the function and the structure of nAChRs in OKC.
First, we tested this hypothesis using standard pharmacologic assays. As expected, pre-exposure of OKC to Nic, 10 M, for 24 hours dramatically changed [ 3 H]Nic binding parameters (Table 1) . The Bmax, characterizing the total number of nAChR binding sites, increased by almost two-fold and became equal to 42.9 fmol/mg protein, whereas the Kd value, charac- 
Specific binding of [
3 H]Nic to cultured human oral keratinocytes (OKC). The saturable binding was achieved in the monolayers of OKC grown in the flat-bottomed, 24-well plates in keratinocyte growth medium (KGM), as described in "Materials and Methods." Each point represents a mean specific binding calculated in triplicate samples of 1 ϫ 10 5 OKC/well exposed to increasing concentrations of (Ϫ)[ 3 H]Nic for 4 hours at 4°C in the absence (total binding) or presence (nonspecific binding) of 100 M nonlabeled mecamylamine (Mec). The specific binding was obtained by subtracting the nonspecific binding from the total binding.
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terizing receptor ligand binding affinity, increased to 62.3 nM. These changes could be blocked when the OKC were preincubated with Nic in the presence of 50 M Mec, indicating that alterations of the pharmacologic parameters of [ 3 H]Nic binding to OKC resulted from the nAChR-coupled pathway that was constantly stimulated during preincubation of cells with Nic.
Nic Up-Regulates nAChR Subunit Gene Expression in Human OKC
In an attempt to determine the effects of Nic on the structural composition of the nAChR channels expressed on the cell membrane of OKC, we measured the expression of the genes coding for different nAChR subunits in OKC preincubated for 24 hours with 10 M Nic. Gene-specific primers for human ␣3, ␣5, ␣7, ␤2, and ␤4 subunits (Table 2) amplified products of the expected sizes ( Fig. 2A) . Nic exposure increased the mRNA levels of all subunits. In particular, the relative amounts of ␣5 and ␣7 mRNA increased 2.9-and 2.8-fold, respectively. These effects of Nic were almost completely blocked in the presence of 50 M Mec, indicating that regulation of the nAChR subunit gene expression is coupled to the nAChR-mediated intracellular signaling pathway. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene amplification remained constant in each experiment ( Fig. 2A) . The negative control experiments failed to produce any amplified products (not shown).
Treatment with Nic also up-regulated the synthesis of the nAChR subunit proteins, as judged from the results of Western blot experiments using previously characterized anti-nAChR subunit polyclonal antibodies (Fig. 2B) . The relative ratios of protein expression increased for all nAChR subunits under investigation. Mec decreased only partially the amounts of the nAChR subunit proteins in Nic-treated cells. The levels of up-regulation of ␣5 and ␣7 on the translational levels, 2.4-and 2.1-fold, respectively, did not reach the level of up-regulation observed at the transcriptional level ( Fig. 2A) . Therefore, although the expression of these subunits increased in exposed OKC, the actual amount of each of the ␣5-and ␣7-containing nAChRs among different nAChR types may be less than that in nonexposed cells.
The specificity of antibody binding to the immunoblotting membranes was confirmed by (a) the appearance of the subunit protein bands at the expected molecular weights (MW) (Nguyen et al, 2000a) and (b) the absence of these bands in negative control experiments omitting primary antibody or replacing it with an irrelevant, species-and isotype-matching antibody (not shown).
AEST Stimulates nAChR Subunit Expression in OKC
Having found that Nic can up-regulate the nAChR subunit gene expression in cultured human OKC, we hypothesized that tobacco products containing Nic may produce similar changes. To investigate this possibility, we measured the effects of AEST by the RT-PCR and immunoblotting assays. As expected, incubation of OKC for 24 hours in the presence of AEST containing 10 M of Nic induced up-regulation of the mRNA and the protein levels of nAChR subunits (Fig. 2, A and B) . These changes could be abolished completely or partially in the presence of 50 M Mec. AEST up-regulated primarily the expression of the ␣5 subunit, as judged by the very similar degrees of the increase of its mRNA and protein levels, 2.3-and 2.1-fold, respectively. At the same time, the rate of increased ␣7 subunit protein synthesis, 1.7-fold, did not reach the rate of up-regulated transcription of the ␣7 gene, 2.2-fold. Therefore, the net changes in the repertoire of the nAChRs expressed by treated cells depended on the changes in the gene coding of each of nAChR subunits.
Effects of Nic and AEST on the Cell Cycle and Differentiation Markers in OKC
Alterations in ACh signaling through keratinocyte nAChRs might bring changes in vital cell functions of the OKC controlled by this cytotransmitter. To test this hypothesis, we compared the effects of 10 M Nic and AEST containing 10 M Nic on the expression of the cell cycle progression and the cell differentiation genes in cultured human OKC. This concentration of Nic has been used in the past to induce profound changes in the expression of keratinocyte differentiation markers (Grando et al, 1996) . Gene-specific RT-PCR primers were designed to amplify the human cell cycle marker genes coding for p53, p21, Ki-67, cyclin D1, and PCNA as well as the human keratinocyte differentiation marker genes coding for filaggrin, loricrin, CK 1, and CK 10 ( Table 2 ). All primers yielded products of expected sizes. The OKC stimulated with either Nic or AEST showed increased levels of the Ki-67, PCNA, and p53 mRNA transcripts, as well as filaggrin and loricrin mRNA transcripts (Fig. 3A) . The Alterations of the nicotinic acetylcholine receptor (nAChR) subunit gene expression in human OKC exposed to pure nicotine (Nic) or aqueous extract of smokeless tobacco (AEST). Second-passage normal human OKC were treated with 10 M Nic or AEST containing 10 M Nic in the absence or presence of 50 M Mec for 24 hours, after which the total RNA and proteins were extracted and used in RT-PCR and immunoblotting assays. The mRNA and protein contents in the experimental (exposed) and control (nonexposed) cells were measured by standard densitometry of the specific bands in the gels, as described in "Materials and Methods." The ratio data are the means of the values obtained in at least three independent experiments. The images represent the typical appearance of the bands in gels. A, The relative nAChR subunit gene expression levels determined using subunit-specific RT-PCR primers (Table 2) . Amplification yielded PCR products of the expected sizes: 489 bp for ␣3, 460 bp for ␣5, 469 bp for ␣7, 468 bp for ␤2, and 474 bp for ␤4. Amplification of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene product (354 bp) was used to normalize the cDNA content in each sample and as a positive control for RT-PCR effectiveness. Both Nic and AEST increased the transcription of the nAChR subunit genes. The relative amounts of each up-regulated nAChR subunit increased by a range of 1.5-to 2.9-fold. The presence of Mec abolished these changes. B, The nAChR subunit proteins visualized in Western blots at the expected molecular weight (MW, shown in kilodaltons [kd] to the right of the gels) in the 15% SDS-PAGE-resolved keratinocyte proteins using subunit-specific antibodies, as described in "Materials and Methods." An increase of the relative amount of individual nAChR subunits in the presence of Nic or AEST ranged from 1.3-to 2.7-fold. The presence of Mec decreased most of these changes down to the control levels. The staining of the receptor bands was absent in the negative control experiments in which the membranes were treated without primary antibody or with irrelevant primary antibody of the same isotype and host, or the anti-peptide antisera before treatment of the blotting membrane were preincubated with the nAChR-specific peptide used for immunization (not shown).
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negative control experiments did not yield any PCR products (not shown). By immunoblotting, we also found that the relative amounts of p53 and PCNA, as well as the amounts of p21 and cyclin D1, went up after the 24-hour exposures to Nic or AEST (Fig. 3B ). Each protein band was visualized at the expected MW, namely, cyclin D1 at approximately 35 kd (Bartek et al, 1993) , PCNA at 37 kd (Waseem and Lane, 1990) , and p53 and p21 at 53 and 21 kd, respectively. The protein levels of Ki-67, and the cell differentiation proteins filaggrin and loricrin did not differ from the control levels (not shown). These results indicated that the PCNA and p53 genes in treated cells were highly expressed at both the transcriptional and translational levels. The p21 and cyclin D1 were regulated predominantly at the translational level, and filaggrin and loricrin at the transcriptional level.
Mec blocked the changes induced by Nic and AEST (Fig. 3) . These findings suggested that Nic contained in tobacco products can mediate some of the pathobiological effects of tobacco on oral mucosa of
Figure 3.
Gene expression changes of the cell cycle and cell differentiation markers in OKC exposed to pure Nic or AEST. Total RNA and proteins were isolated from human OKC treated for 24 hours with 10 M Nic or AEST containing 10 M Nic in the absence or presence of 50 M Mec. The relative amounts of mRNA transcripts and protein levels of the cell cycle progression and cell differentiation markers were measured, and the results were expressed as described in the "Materials and Methods" section. The ratio data are the means of the values obtained in at least three independent experiments. The images represent the typical appearance of the bands in gels. A, The mRNA levels of the cell cycle genes coding for p21, Ki-67, cyclin D1, PCNA, and p53 and the cell differentiation genes coding for filaggrin, loricrin, CK 1, and CK 10 were determined by RT-PCR using specific primers (Table 2 ) and cDNA from exposed versus nonexposed (control) OKC. A PCR product of the expected size was amplified by each primer set specific for p21 (305 bp), Ki-67 (452 bp), cyclin D1 (311 bp), PCNA (320 bp), p53 (365 bp), filaggrin (391 bp), loricrin (196 bp), CK 1 (400 bp), and CK 10 (430 bp). The levels of mRNAs coding for Ki-67, PCNA, p53, filaggrin, and loricrin were increased in the exposed, compared with the control OKC. B, The cell cycle proteins p53, p21, PCNA, and cyclin D1 were visualized in Western blots. The MW of each protein is shown in kd to the right of the gels. In both Nic-and AEST-treated cultures, the relative amounts of the studied cell cycle proteins increased the range from 1.7-to 2.2-fold, and Mec abolished most of these changes. The staining of these receptor proteins was absent in the negative control experiments described in the legend for Figure 2B (not shown). smokeless tobacco users and that these effects may result from overstimulation of nAChRs in the stratified epithelium lining the mucocutaneous barrier.
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Structural Alterations of nAChRs in Rodents Exposed to Pure Nic or ETS
To establish the relevance of the above in vitro findings to the pathobiologic effects of tobacco products in vivo, we studied the expression of the nAChR subunit genes in the oral tissue of rats and mice exposed for 3 weeks to aged and diluted sidestream cigarette smoke (ADSS), a surrogate for ETS, or drinking water containing equivalent concentration of Nic. In the RT-PCR assay, we used gene-specific primers matching both the rat and the mouse ␣3, ␣5, ␣7, ␤2, and ␤4 nAChR subunit gene sequences ( Table 3) . As expected, all nAChR primers that were used yielded products of expected sizes. In Western blots, we used the previously characterized anti-nAChR subunit antibodies raised against a mixture of oligopeptides representing the evolutionary conserved regions of each subunit protein (Nguyen et al, 2000a; Zia et al, 1997 Zia et al, , 2000 . The specificity of antibody binding to murine and rat OKC has been verified in IIF experiments (not shown).
Exposures to either ADSS or pure Nic in drinking water produced similar effects on the relative amounts of keratinocyte ␣3, ␣5, ␣7, ␤2, and ␤4 mRNA transcripts (Fig. 4A) . Overall, an up-regulation of the synthesis of mRNAs coding for each of the five different nAChR subunits tested was similar in the two species and in the two exposure conditions. The level of receptor mRNA up-regulation ranged from 1.5-to 3.8-fold, with ␣3 and ␣5 being the most inducible genes. Notably, the relative amounts of mRNA of each nAChR subunit, except for ␤4, in mice drinking Niccontaining water were always higher than those in rats. Also, an increase of transcription of nAChR genes was always higher in rodents exposed to pure Nic than in those exposed to ADSS.
The protein expression of ␣3, ␣5, ␣7, ␤2, and ␤4 subunits in rodents exposed to both Nic and ADSS was analyzed by immunoblotting (Fig. 4B) . The increase in protein synthesis ranged from 1.2-to 2.4-fold. In general, the protein synthesis ratios of nAChR subunit proteins across different experimental conditions increased to a lesser extent compared with the ratios of expression of the genes coding for these subunits (Fig. 4A ). This finding indicates that the relative contribution of each of these subunits to formation of ACh-gated ion channels on the cell membrane of OKC may vary to a great extent, providing for the appearance of a unique nAChR repertoire in the oral epithelium of exposed rodents. Notably, the synthesis of ␣3 protein was actually down-regulated compared with that of other nAChR subunits under investigation.
The results of the IIF assay confirmed the above findings (Table 4) . As expected from the results of the RT-PCR and immunoblotting assays, we found statistically significant (p Ͻ 0.05) increases of the relative amounts of keratinocyte ␣3, ␣5, ␣7, ␤2, and ␤4 nAChR subunits in the oral tissues of rats and mice exposed for 3 weeks to ADSS or drinking water containing an equivalent concentration of Nic, 10 M, compared with the nonexposed controls. However, the rate of increase of each nAChR subunit differed substantially among different species and treatment conditions.
Cell Cycle Alterations in Oral Tissue of Rodents Exposed to Nic or ADSS
The oral tissues collected from rats and mice exposed for 3 weeks to Nic and ADSS were also used to determine the effects on the expression of cell cycle regulators, such as p53, p21, Ki-67, cyclin D1, and PCNA, and cell differentiation markers, such as CK 1, filaggrin, and loricrin. The results of the RT-PCR and immunoblotting assays revealed that, although the expression of some genes was up-regulated, the expression of other genes was down-regulated. We found that the amount of mRNA coding for cyclin D1 and PCNA was increased in rats and mice under all experimental conditions, whereas that coding for p21, p53, and Ki-67 was decreased only in rats and remained unchanged in the majority of exposed mice (Fig. 5A ). The ratios of the CK 1 gene expression were increased in all exposed animals. The majority of animals in the exposed groups showed a decrease in the protein expression of p21 and p53, but the latter was increased in mice exposed to ADSS (Fig. 5B) . We also found that the protein synthesis of cyclin D1 and PCNA was down-regulated (Fig. 5B) . The protein levels of CK 1, filaggrin, and loricrin did not show appreciable changes (data not shown). Taken together, these findings indicate that, although the net effect of the animal exposure to Nic and ADSS results in decreased amounts of the cell cycle regulatory molecules in OKC, the level at which the down-regulation occurs, ie, transcriptional or translational, is different for each particular molecule.
Accelerated Squamatization of the Oral Epithelium in Exposed Rodents
Having detected the above abnormalities of the alterations in the structure and function of nAChRs and in the cellular regulatory process in rodents exposed to pure Nic or ADSS, we sought to determine the potential implication of the revealed anomalies to the fate of OKC in the stratified epithelium. Toward this goal, we evaluated the transcriptional and translational levels of a well-characterized and highly sensitive and specific marker of squamatization of the stratified squamous epithelium, CK 10, in rats and mice exposed to ADSS or Nic in drinking water. We knew that Nic fosters terminal differentiation of cultured epidermal and oral epithelial cells (Grando et al, 1996; Kwon et al, 1999; Theilig et al, 1994) and anticipated similar effects in vivo. As expected, the amount of CK 10 in the oral epithelium increased several times in each group of exposed animals. We found an increase in the CK 10 mRNA transcripts that ranged from 1.4-to 3.1-fold (Fig. 6A ). In addition, we observed a 1.5-to 2.2-fold increase in the CK 10 protein level detectable by using Western blot (Fig. 6B) . The up-regulated expression of CK 10 was also confirmed in a series of IIF experiments, which revealed a 1.6-to 3.6-fold increase of the relative intensity of the specific staining for CK 10 in the oral tissues of exposed rats and mice (Fig. 6C) . These results suggested that the nAChR-mediated coordinated changes in cell cycle regulation, which lead to excessive and possibly premature squamatization, is a common mode of pathobiologic action of Nic-containing products on the stratified squamous epithelium.
Discussion
In this study, we demonstrate for the first time that chronic stimulation of OKC with Nic alters the genetically determined program of the cell differentiationdependent expression of nAChR subunits. This process is associated with changes in the expression of the cell cycle genes that can alter the dynamic equilibrium between cell growth and maturation toward an early and excessive squamatization of OKC.
The nAChRs are classic representatives of a large superfamily of ligand-gated ion channel proteins, or ionotropic receptors, which mediate the influx of Na ϩ and Ca 2ϩ and the efflux of K ϩ (Steinbach, 1990) . The nAChRs in the gingival and esophageal epithelia have been mapped in the past by IIF using subunit-specific antibodies (Nguyen et al, 2000a) . The diversity of Changes of the nAChR subunit gene expression in the oral tissue of rats and mice exposed to pure Nic or aged and diluted sidestream cigarette smoke (ADSS). Sprague-Dawley rats and Balb/c mice were exposed for 3 weeks to ADSS or an equivalent concentration of Nic in drinking water (10 M). The total RNA and proteins were extracted from oral tissues of rats exposed to ADSS (RS), rats exposed to Nic in drinking water (RD), mice exposed to ADSS (MS), and mice exposed to Nic in drinking water (MD) and nonexposed rodents of the same species, gender, weight, and age (control rats and mice: RC and MC, respectively). The ratio data are the means of the values obtained in at least three independent experiments. The images represent the typical appearance of the bands in gels. A, Detection of the nAChR transcripts by RT-PCR using primer sets specific for rodent ␣3, ␣5, ␣7, ␤2, and ␤4 nAChR subunit transcripts (Table 3) yielded PCR products of the expected sizes: 485 bp for ␣3, 480 bp for ␣5, 494 bp for ␣7, 477 bp for ␤2, and 482 bp for ␤4. Similar changes for all receptor subunits were observed in the groups of animals exposed to tobacco smoke and Nic-containing drinking water. The mRNA ratio levels in exposed animals exceeded the control levels in a range from 1.5-to 3.8-fold. B, In all groups of exposed animals, an increase in the nAChR subunit expression was also detectable at the protein level, ranging from 1.2-to 2.4-fold. The immunoblotting assay was performed exactly as described in the legend for Figure 2B , using all appropriate negative controls. nAChR channels expressed by OKC in the course of their development in the epithelium can allow ACh to act differently throughout the stages of keratinocyte differentiation. Nic can substitute for ACh at nAChRs and thus influence autocrine and paracrine regulation of the OKC through the cholinergic pathway. We have shown that Nic accelerates maturation of epidermal keratinocytes and that mature keratinocytes express a The cryostat sections of the oral tissue obtained from euthanized rats and mice exposed for 3 weeks to pure Nic in drinking water (10 M) or ADSS containing equivalent dose of Nic, or control, nonexposed rodents of the same species, gender, weight, and age were stained with rabbit anti-nAChR subunit antibodies (Table  5) , and the relative amounts of the subunit proteins in OKC were computed using the semiquantitative IIF assays, as detailed in "Materials and Methods."
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b Statistical significance of differences compared to the control levels determined in the tissue samples from nonexposed animals of the same species.
Figure 5.
Gene expression changes of the cell cycle and differentiation markers in the oral tissue of rats and mice exposed to pure Nic or ADSS. Cell cycle and differentiation gene expression alterations were analyzed by isolating the total RNA and protein from oral tissues of exposed animals, as detailed in "Materials and Methods." The ratio data are the means of the values obtained in at least three independent experiments. The images represent the typical appearance of the bands in gels. A, The cell cycle and differentiation gene expression in the oral tissue of rats exposed to ADSS (RS), rats exposed to Nic in drinking water (RD), mice exposed to ADSS (MS), mice exposed to Nic in drinking water (MD), and control, nonexposed rats (RC) and mice (MC) of the same species, gender, weight, and age was studied by RT-PCR employing rodent gene-specific pairs of primers shown in Table 3 . Each primer set yielded a PCR product of the expected size: 233 bp for p21, 499 bp for Ki-67, 482 bp for cyclin D1, 307 bp for PCNA, and 389 bp for p53. Although the expression of some cell cycle and differentiation genes was down-regulated, that of the others was up-regulated in the majority of exposed animals. B, Changes in the protein levels of the cell cycle markers were also detectable by immunoblotting. In the majority of the exposed animals, the synthesis of p21, p53, cyclin D1, and PCNA proteins was decreased.
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an increased number of nAChRs (Grando et al, 1995 (Grando et al, , 1996 . The composition of nAChRs in the respiratory epithelium of chronic smokers is significantly different from that of nonsmokers, and these in vivo changes can be reproduced in cultures of bronchial epithelial cells exposed to 10 M Nic (Zia et al, 1997) . Taken together, these findings led us to hypothesize that similar changes might also occur in OKC exposed to Nic, ETS, or AEST.
In this study, we demonstrate that preincubation of OKC with Nic increases the number of nAChRs in these cells. An increase of Bmax, depicting an increase in the total number of Nic binding sites, showed that pretreatment of OKC with Nic increases the number of nAChRs on the cell membrane from approximately 5800 to approximately 10600. To identify the Nic-induced structural changes of keratinocyte nAChRs, we exposed normal human OKC to pure Nic or whole AEST containing the same concentration of Nic and in both cases found dramatic changes in the subunit composition. We observed increases in the mRNA and/or protein levels of the subunits that form the ACh-gated ion channels that are permeable to Ca 2ϩ (Delbono et al, 1997; Fieber and Adams, 1991; Grando et al, 1996; Quik et al, 1997) . A switch in the nAChR subunit composition from predominantly ␣3␤2 and ␣3␤4 channels to ␣3␤2␣5 and ␣3␤4␣5 channels increases Ca 2ϩ influx (Gerzanich et al, 1998) , which may launch the keratinocyte differentiation program (Grando et al, 1996) . Activation of ␣7-made nAChRs can lead to both a transmembrane Ca 2ϩ influx and a release of Ca 2ϩ from intracellular stores (Quik et al, 1997) . The changes observed by us in Nic-treated OKC could be abolished in the presence of the specific nicotinic antagonist Mec, indicating that they were mediated by the intracellular pathways coupled by keratinocyte nAChRs. Thus, the primary target for Nic toxicity in OKC appeared to be the nAChRs themselves, as illustrated by the changes in their number, structure, and function.
A switch in the subunit composition of an AChgated ion channel could bring about a corresponding switch in the ionic properties of the channel, leading to an array of molecular and metabolic events in the OKC. The nicotinic effects of ACh are associated with stimulation of DNA synthesis (Tominaga et al, 1992; Villablanca, 1998) . The crucial role of ion channels, such as nAChRs, in maintenance of cell viability has been demonstrated previously (Mulle et al, 1992) . Overstimulation of nAChRs with agonists has been shown to modify ACh metabolism, secretion, and signaling, through both the nicotinic and the muscarinic pathways, with toxicological implications (Ogle and Glavin, 1996; Sastry, 1995; Toth et al, 1993; Wang, 1997) . Altered cell proliferation, a direct effect of Nic, was seen in cultures of renal epithelial cells (Horster et al, 1984) , and a concentration-dependent wave of cell proliferation was observed in rat tracheal epithelium after acute exposure to tobacco smoke (Wells and Lamerton, 1975) . The homomeric ␣7 nAChR channel has been implicated in the activation of a signaling pathway facilitating apoptosis (Hory- Lee and Frank, 1995; Orr-Urtreger et al, 2000) . The substantial, yet restricted, influx of Ca 2ϩ through the homomeric nAChR channel made by the ␣7 subunits might direct the cell cycle progression via a "squamatization" pathway, which could allow the cell to avoid apoptosis.
We compared the effects of the in vitro exposure of human OKC to AEST and pure Nic with the in vivo effects of ADSS and pure Nic exposures. In the ADSS
Figure 6.
Abnormal squamatization of OKC residing in the oral tissue of rats and mice exposed to pure Nic or ADSS. The specimens of oral tissues were also used for RT-PCR, immunoblotting, and indirect immunofluorescence (IIF) analysis of the expression of CK 10 in OKC of rats exposed to ADSS (RS), rats exposed to Nic in drinking water (RD), mice exposed to ADSS (MS), mice exposed to Nic in drinking water (MD), and nonexposed rats (RC) and mice (MC) of the same gender, weight, and age. The data represent typical results obtained in a series of at least three independent experiments. A, The primer set matching the rodent sequence of the CK 10 gene (Table 3 ) yielded a PCR product of the expected size, 461 bp. In all groups of exposed animals, the relative amounts of the CK 10 mRNA transcript were abundant and exceeded the control levels in a range from 1.4-to 3.1-fold. B, In all exposed groups, an increase of CK 10 expression was also detectable by immunoblotting. At the protein level, an increased expression of CK 10 ranged from 1.5-to 2.2-fold. C, Semiquantitative IIF analysis of relative amounts of CK 10 in OKC residing in the oral mucosa of different rodent exposure groups revealed a significantly increased expression, compared to nonexposed controls (p Ͻ 0.05). No specific staining could be seen in cryostat sections of rodent oral tissue in negative control experiments in which the primary antibody was either omitted or replaced with an irrelevant, isotype-matching antibody. exposure experiments, we employed an established system that distributes smoke to each animal (Teague et al, 1994) . To induce changes characteristic of chronic tobacco usage, the animals received treatment for 3 weeks (Booyse et al, 1981; Pittilo et al, 1990; Zimmerman and McGeachie, 1987) . The dosing of Nic was chosen to correlate well with the levels found in the blood and mucous secretions of smokers and snuffers. On smoking days, Nic concentrations in human plasma range between 4 and 72 ng/mL (Peacock et al, 1993) and are extremely high in saliva (Ͼ1300 ng/mL) (Lindell et al, 1993; Russell et al, 1980) . The peak Nic plasma levels in the snuffers is similar to the peak values in heavy smokers (Russell et al, 1980 (Russell et al, , 1981 . Past experiments in our laboratory using conditions identical to ADSS have found plasma Nic levels in rats to range from 2 to 17 ng/mL, with an average concentration of 12 ng/mL (Joad et al, 1993 (Joad et al, , 1995 . Therefore, the conditions of the ADSS exposure generated experimentally for rodents are highly relevant to conditions seen in humans.
Receptor-Mediated Toxicity of
In addition to changes in the nAChR expression, both in vitro and in vivo exposures to pure Nic and tobacco products altered the expression of the cell cycle and cell differentiation genes that are connected to keratinocyte growth and maturation. We detected abnormalities in the expression of the following genes: (a) Ki-67, a nuclear protein expressed during the G1, S, G2, and M phases (MacCallum and Hall, 1999) ; (b) PCNA, a protein that is expressed mostly at the G1-S phase (Tsurimoto, 1999) ; (c) cyclin D1, a cyclin protein implicated in the induction and control of mitosis (Hunter and Pines, 1994) 
waf-1 , a cyclindependent kinase inhibitor (El-Deiry et al, 1993 ) that plays an important role during cell differentiation (Poluha et al, 1997) ; and (e) p53, a regulatory protein that affects the cell cycle arrest (Lane and Benchimol, 1990) . p53 is believed to control cell cycle progression via activation of the bax gene, which causes the cell to undergo apoptosis (Miyashita and Reed, 1995) . p53 also regulates cyclin-dependent kinase inhibitors such as p21, which blocks the phosphorylation of pRb by cyclin D1-dependent kinases and forms complexes with PCNA to inhibit DNA synthesis (Hunter and Pines, 1994) . In addition, p21 may block apoptosis during cell terminal differentiation (Walsh, 1997) .
The short-term Nic exposure increased all of the studied cell cycle parameters in OKC, in keeping with the notion that overexpression of p53 and/or Ki-67 is present in oral epithelium of tobacco users (van Oijen et al, 1998 (van Oijen et al, , 1999 and in snuff-induced lesions (Wedenberg et al, 1996) . However, the long-term exposure resulted in a consistent decrease of the p53 and p21 mRNA and protein levels and a decrease of the mRNA level of Ki-67. Through immunoblotting assays we also found a decreased protein synthesis of PCNA and cyclin D1, despite abundant mRNA levels of these cell cycle regulatory proteins. This indicates that the expression of the genes coding for p21 and p53 was down-regulated at the transcriptional level, whereas that of PCNA and cyclin D1 was down-regulated at the translational level. The differences in relative changes of the mRNA and protein levels of the same molecule may be also attributed to known differences in their half lives or stability (Sonenberg et al, 2000) . Because the effects of pure Nic in both in vitro and in vivo experiments matched those of AEST and ADSS, respectively, and because all could be blocked with Mec, we believe that observed changes in OKC resulted from the nAChR-mediated pathway, rather than from the pathways affected by other chemicals present in AEST and ADSS, which was used as a surrogate for ETS.
Acute and chronic exposures to an agonist were expected to produce opposite effects on the keratinocyte functions controlled by ACh. We have shown in the past that short-term exposure to Nic or cholinergic (nicotinic) agonists augments cytoplasm motility and lateral migration of individual cells and strengthens cell-to-cell and cell-to-substrate attachments in keratinocyte monolayers (Grando et al, 1993 (Grando et al, , 1995 . Longterm exposures, on the other hand, produce the opposite effect, which is manifested by cell shrinkage and detachment (Zia et al, 1997) as well as by inhibition of lateral migration (Zia et al, 2000) . As expected from previous results, in this study most short-term effects of Nic, observed after 24 hours of in vitro exposure, differed from long-term effects of Nic, observed after 3 weeks of in vivo exposure. The changes in the cell cycle gene expression observed in rodents after a 3-week exposure fit neither with the "growth promotion" pattern, manifested by the up-regulation of Ki-67 and PCNA and/or down-regulation of p53, nor with the "growth-arrest" pattern, characterized by a decrease or disappearance of Ki-67 and PCNA and/or up-regulation of p53 and p21. We, therefore, propose that the cell cycle progression in the stratified epithelium of exposed animals proceeds via a unique path that is deleterious to the OKC because it can lead to various abnormalities, including tumorigenesis.
Oral cancer is the sixth most-common cancer in the world, accounting for approximately 4% of all cancers and 2% of all cancer deaths (Boring et al, 1994) . Until recently, studies of oncogenesis have been focused on the regulation of cell proliferation. It has recently become increasingly clear that defective negative growth control, including growth arrest and apoptosis, contributes significantly to the origin and progression of cancer (Ellis et al, 1991; Liebermann et al, 1995) . Frequent users of smokeless tobacco have an increased risk for developing gingival recession, periodontal disease, and oral cancer (Johnson and Squier, 1993; Sugar et al, 1996; Weintraub and Burt, 1987) . The strongest link is with cancers of the cheek and gum. Other associations have been suggested for cancers of the nasal cavities, esophagus, larynx, and pancreas (Brinton et al, 1984; Connolly et al, 1986) . Most commonly, however, the use of smokeless tobacco results in a white patch on the oral mucosa that does not rub off or bleed and is described as (hyper) keratosis or leukoplakia. Oral snuff causes alterations in the affected epithelium that are characteristic of the cornified epithelium and manifested by the expression of the squamatization markers, CKs 1, 9, 10, and 11 (Luomanen et al, 1997) . Four types of epithelial change are observed in the tobacco-associated oral mucosal lesions: hyperkeratosis, orthokeratosis, pale surface staining, and basal cell hyperplasia. The thickness of hyperkeratosis correlates directly with the amount of tobacco use, and the use of snuff is more frequently associated with development of oral mucosal lesions compared with chewing tobacco (Daniels et al, 1992) . These tobacco-related lesions may become dysplastic (Andersson et al, 1989; Hirsch et al, 1982; Kaugars et al, 1989 ) and even undergo a malignant transformation (Sundstrom et al, 1982) .
In this study, chronic stimulation of the nicotinic pathways of ACh signaling in the oral epithelium of the exposed rodents resulted in premature squamatization of OKC, manifested by rapid acquisition of abundant amounts of the CK 1 and CK 10 squamatization markers. We have reported previously that long-term incubation with Nic markedly increases the number of epidermal keratinocytes forming cornified envelopes and staining with antibodies to the cell differentiation markers CKs 10 and 11, filaggrin, involucrin, and transglutaminase type I, and that Mec can prevent this enhanced expression (Grando et al, 1996) . Similar differentiating effects of Nic have been observed in the keratinocytes that make up the oral mucosa (Kwon et al, 1999) . Thus, these finding increase our understanding of the mechanism for epithelial hyperplasia and squamous cell differentiation in tobacco users.
In conclusion, tobacco is the most important cause of avoidable human deaths. However, the mechanisms contributing to the illnesses that cause these deaths are still not completely elucidated. Cumulative results revealed the negative effects of Nic on cell functioning in various nonneuronal locations, some of which may provide a mechanism for the development of tobacco-related illnesses. The newly discovered epithelial nAChRs in human gingival and esophageal epithelium may contribute to the development of tobacco-associated morbidity. The pathobiological mechanisms of aberrant cell cycle progression leading to mucosal lesions in chronic tobacco users may involve Nic-induced alterations of the keratinocyte ACh axis. Our findings of the biological effects of Nic, ETS (ADSS), and AEST on the cell cycle and differentiation markers of OKC help elucidate the mechanisms by which tobacco products produce deleterious effects in the upper digestive tract. Although the binding of Nic to its receptors on the cell membrane of OKC potentiality leads to activation of multiple signal transduction pathways, changes in the concentration of intracellular Ca 2ϩ may account for the negative effect of Nic on the normal unfolding of the genetically determined program of the cell cycle progression. By interfering with ACh signaling in OKC, Nic can alter the normal balance of cell growth and differentiation, which accelerates squamatization and increases the risk for malignant transformation. These results provide a scientific basis for new approaches to clinical solutions that could ameliorate the consequences of tobacco use and intercede in disease pathways. Learning the pharmacology of Nic toxicity in nonneuronal locations will help in the development of an effective prevention program wherein the hazardous effects of Nic can be anticipated and prevented using a pharmacological antagonist of nAChRs. Collectively, these results will contribute to a better understanding of the biochemical pathways mediating the deleterious effects of tobacco products on nonneuronal tissues.
Materials and Methods
Cell and Tissue Source
Normal human OKC were obtained from attached gingiva. (This study has been approved by the University of California Davis Human Subjects Review Committee.) Attached gingival samples destined for primary cell culture were freed of clotted blood and rinsed in Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline (PBS; Gibco BRL, Gaithersburg, Maryland). Samples were then cut into 3-to 4-mm pieces, placed epithelium up into a sterile cell culture dish containing 2.5 mL of 0.125% trypsin (Sigma Chemical Company, St. Louis, Missouri) and 2.5 mL of minimum essential medium (Gibco BRL) supplemented with 50 g/mL gentamicin, 50 g/mL kanamycin sulfate, 10 U/mL penicillin G, 10 g/mL streptomycin, and 5 g/mL amphotericin (all from Gibco BRL). Tissue was incubated overnight at 37°C in a humidified atmosphere with 5% CO 2 . The epithelial sheets were then separated from the lamina propria in minimum essential medium containing 20% heat-inactivated newborn calf serum (Gibco BRL), and individual OKC were isolated by gentle pipetting followed by centrifugation, as detailed elsewhere (Nguyen et al, 2000a) . The OKC were grown at 37°C and 5% CO 2 in 25 cm 2 or 75 cm 2 Falcon culture flasks (Corning Glass Works, Corning, New York) in serum-free keratinocyte growth medium (KGM, Gibco BRL) containing 0.09 mM Ca 2ϩ . Cell culture medium was changed every 3 days, and cultures were passaged at approximately 80% confluence.
Cell Culture Exposure Experiments
Second-passage normal human OKC were exposed to 10 M of pure Nic or AEST containing the same concentration of Nic in the absence or presence of 50 M of the specific nicotinic antagonist Mec for 24 hours at 37°C and 5% CO 2 . Both Nic and Mec were purchased from Sigma Chemical Company and dissolved in KGM. Control OKC were incubated in KGM without any additions. The AEST was extracted from standardized smokeless tobacco (1S3 moist snuff; University of Kentucky, Lexington, Kentucky) using a standard procedure (Oh et al, 1990) . Briefly, smokeless tobacco was mixed with five volumes (5 mL/g) of 0.1 M phosphate buffer, pH 7.0, and stirred at room temperature for 24 hours. The pH of the extract was adjusted to 7.0, and the extract was centrifuged at 40,000 ϫg for 1 hour. The supernatant was filtered through a Millipore filter (pore size 0.45 m), lyophilized, and stored at Ϫ80°C. On the day of experiment, the AEST was mixed with KGM to a concentration of 10 M Nic per aliquot to match the concentration of pure Nic used in parallel experiments. The experiments were done in triplicate for both exposed and control, nonexposed cultures, and the cells from each culture were harvested and used in experiments separately. In each individual culture, 2.5 ϫ 10 6 viable cells were used to extract total RNA and proteins.
Animal Exposure Experiments
Male, specific pathogen-free Sprague-Dawley rats (300 -325 g body weigh) were obtained from ZivicMiller Laboratories (Zelienople, Pennsylvania). Male Balb/c mice (30 -35 g body weight) were obtained from Jackson Laboratories (Bar Harbor, Maine). Rats were housed two per cage and mice four per cage. They were allowed free access to food and water. The cages were maintained at 21°C with lighting for 12 hours daily. After one week of acclimatization, the animals were exposed to ETS (see below) or to an equivalent concentration of Nic in drinking water for 3 weeks. This study was approved by University of California Davis Committee on the Use of Animals in Research. We employed a sidestream smoke exposure system that provides for whole-body exposure (Teague et al, 1994) . Briefly, a TE-10 smoking machine (Teague Enterprises, Davis, California) burned 1RF4 reference cigarettes (Tobacco and Health Research Institute, University of Kentucky) that had been temperature-and humidity-conditioned to generate ADSS as a surrogate to ETS. Each 1RF4 cigarette delivers approximately 0.8 mg of Nic (Teague et al, 1994) . Each cigarette was smoked under rigid conditions of 1 puff (35 mL volume for 2 seconds duration)/ minute over a period of 8 minutes. A portion of the air and smoke from the conditioning chamber was further mixed with fresh filtered air before introducing the cigarette smoke into the 0.44 m 3 animal exposure chambers. Daily measurements of total suspended particulates of Nic and carbon monoxide were performed. Mean concentrations over the course of the study were 1 Ϯ 0.07 mg/m 3 of total suspended particulates, 344 Ϯ 85 g/m 3 of Nic, and 4.9 Ϯ 0.7 parts/million of carbon monoxide. This concentration of sidestream cigarette smoke was selected because it represents a high ambient level that individuals could encounter at home or in other settings where smoking occurs (Ji et al, 1998) . In another series of exposure experiments, rats and mice drank water containing 10 M of pure Nic. The nonexposed control rats and mice were housed in a chamber and received pure water and filtered clean air only. At the end of the experiments, the animals were anesthetized with 1 mg/kg body weight of pentobarbital sodium. The animals were euthanized, and oral tissue samples were collected. The oral tissue was either fresh-frozen in liquid nitrogen for RNA and protein extractions or freshly embedded in O.C.T. Tissue Tek compound (Sakura, Tokyo, Japan) for use in IIF experiments.
RT-PCR Assay
Total RNA was extracted from cultured human OKC, and gingival and esophageal tissues were removed from both exposed and control rats and mice using the guanidinium thiocyanate phenol chloroform extraction procedure (TRIzol Reagent, Gibco BRL), as described elsewhere (Chomczynski and Sacchi, 1987) . The quantity and structural integrity of RNA samples were confirmed by electrophoresis on 1.1% agarose/2.2 M formaldehyde gels and by optical density of the 260/280 nm ratio. Only samples that showed intact 28S and 18S ribosomal RNA bands and exhibited a 260/280 nm ratio Ͼ1.8 were used in the experiments. One microgram of dried, DNase-treated RNA was reverse-transcribed in 20 L of RT-PCR mix (50 mM Tris, [pH 8.3], 6 mM MgCl 2 , 40 mM KCl, 25 mM dNTPs, 1 g Oligo-dt [Gibco BRL], 1 mM DTT, 1 U RNase inhibitor (Boehringer, Mannheim, Germany), and 10 U SuperScript II [Gibco, BRL]) at 42°C for 2 hours. The PCR was carried out in a final volume of 50 L containing 2 L of the single-strand cDNA product, 10 mM Tris-HCl (pH 9.0), 5 mM KCl, 5 mM MgCl 2 , 0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 0.2 mM dTTP, 2.5 U Taq DNA polymerase (Perkin Elmer, San Jose, California), and 20 pM each of both the sense and the antisense primers.
To allow a quantitative determination of relative gene expression levels, the cDNA content of the samples was normalized, and the linear range of amplification was determined for each primer set. For each experiment the housekeeping gene GAPDH was amplified with 20 to 30 cycles to normalize the cDNA content of the samples. Equal cDNA amounts were subsequently used for the amplification of specific genes. The amplification was performed at 94°C (1 minute), 60°C (2 minutes), and 72°C (3 minutes) for 24 to 30 cycles. The specific primers for human and rodent nAChR subunits ␣3, ␣5, ␣7, ␤2, and ␤4; the cell cycle regulators p21, p53, Ki-67, cyclin D1, PCNA, and PCNA; and the keratinocyte differentiation markers filaggrin, loricrin, CK 1, and CK 10 are shown in Tables 2 and 3 . For quantitative determination of the relative gene expression levels, the 20-L samples were collected during PCR after the completion of three different cycle numbers in a linear range. The amplicons were analyzed on a 2% Sea Kem LE agarose gel (FMC, Riceland, Maine) stained with ethidium bromide. Pictures of the bands were taken using a digital imaging system (Alpha Imager 2000, San Leandro, California). Band intensities were determined by area integration. The experimental (exposed) samples were always run in parallel with control (nonexposed) samples. In each experiment, the relative gene expression level was determined after at least two different cycle numbers in a linear range and then averaged. To standardize the analysis, the results were expressed as a ratio of the gene expression level in an experimental sample compared with that in a control sample. To obtain this ratio, the intensity of the band in the experimental sample was divided by the value obtained in the control sample, and the results Arredondo et al from three independent experiments were averaged. Therefore, the gene expression ratio in the control samples is always equal to 1. Negative controls included (a) omission of the RT step and (b) blank samples consisting of reaction mixtures without RNA, both of which were run in parallel with experimental samples.
Western Blot Assay
Proteins were isolated from the phenol ethanol supernatant by adding 1.5 mL of isopropyl alcohol per 1 mL of TRIzol Reagent used for the initial homogenization of OKC cultures or oral tissues of experimental animals. Protein pellets were washed three times with 2 mL of 0.3 M guanidine hydrochloride in 95% ethanol and then one time with 2 mL of 95% ethanol. The pellets were dissolved in a sample application buffer (1.0 mL of 0.5 M Tris-HCl [pH 6.8], 1.9 g ultra pure urea [Fisher Scientific, Tustin, California] , and 10% SDS [Fisher Scientific]). Proteins were separated in 4% to 15% SDS-PAGE, electroblotted onto a 0.2-m nitrocellulose membrane (Bio-Rad, Hercules, California), and blocked overnight at 4°C in the blocking buffer consisting of 5% nonfat dried milk in 0.1% (v/v) Tween 20 (Sigma Chemical Co.), 25 mM Tris-HCl (pH 8), 125 mM NaCl, and 0.05% sodium azide. The primary antibodies were diluted in the blocking buffer and incubated for 1 hour at room temperature. The specificity and the dilutions of primary antibodies used and their sources are listed in Table 5 . The secondary antibodies (sheep anti-mouse or donkey anti-rabbit Ig labeled with HRP [Amersham Pharmacia Biotech, Inc., Piscataway, New Jersey]) were diluted 1:3000 in the blocking buffer lacking sodium azide and applied to the membrane for 1 hour at room temperature. The membranes were developed using the ECL ϩ Plus chemiluminescent detection system (Amersham Pharmacia Biotech, Inc.). To visualize antibody binding, the membranes were scanned with FluorImager/Storm™ (Molecular Dynamics, Mountain View, California), and the intensity of bands was analyzed using ImageQuant software (Molecular Dynamics). The results were standardized by expressing the density of each protein band under investigation in the experimental (exposed) sample relative to the value determined in the control (nonexposed) sample. The ratios obtained in three independent experiments were averaged to obtain the mean value. The specificity of staining was controlled in negative control experiments, in which the anti-peptide antiserum was preincubated with the specific peptide used for immunization, or the primary antibody was either omitted or replaced with an irrelevant, isotype-and species-matching antibody.
IIF Assay
The IIF experiments with oral tissues from experimental and control rodents were performed as detailed previously (Ndoye et al, 1998; Zia et al, 1997 ) using computerassisted image analysis with a software package purchased from Scanalytics (Fairfax, Virginia). The intensity of fluorescence was calculated pixel by pixel by dividing the summation of the fluorescence intensity of all pixels by the area occupied by the pixels (ie, segment) and then subtracting the mean intensity of fluorescence of a tissue-free segment (ie, background). For each tissue specimen, a minimum of three different segments in at least three different microscopic fields was analyzed, and the results were compared. To visualize membraneassociated molecules, such as nAChR subunits, the specimens were fixed for 3 minutes with 3% fresh depolymerized paraformaldehyde that contained 7% sucrose to avoid cell permeabilization. To visualize molecules located intracellularly, such as CK 10, oral tissue sections were permeabilized with 100% acetone for 10 minutes. The fixed specimens were washed and incubated overnight at 4°C with a primary antibody ( Table 5) . Binding of primary antibody was visualized by incubating the specimens for 1 hour at room temperature with 
Radioligand Binding Experiments
The nAChR binding studies were performed using the radioligand (Ϫ) [N-metyl-3 H]Nic with a specific activity of 84.0 Ci/mmol (Amersham Pharmacia Biotech, Inc.) in monolayers of experimental (exposed to Nic) and control (nonexposed) human OKC. The OKC were seeded into 24-well cell and tissue culture plates (Becton Dickinson, Franklin Lakes, New Jersey) at a density of 1 ϫ 10 5 cells per well and incubated overnight in a 5% CO 2 incubator at 37°C to allow the cells to settle and attach to the dish bottom. Then, the wells were washed to remove nonattached cells, and the monolayers were exposed to KGM containing 10 M Nic, alone or in combination with 50 M Mec, versus no additions in the controls. The plates were returned to the CO 2 incubator. After a 24-hour incubation, the monolayers were washed thoroughly with warm (37°C) PBS and used in a standard whole-cell radioligand binding assay, as detailed by us previously (Grando et al, 1995) . Briefly, 100-L aliquots of PBS containing increasing concentrations of [ 3 H]Nic, from 0.1 to 100.0 nM, were added to the triplicate wells, and the binding was allowed to reach equilibrium during a 4-hour incubation at 4°C. The nonspecific binding was determined in the presence of 100 M Mec. The nonbound radioligand was removed by thorough washing with ice-cold PBS. The monolayers were solubilized in 1% SDS, the aliquots were mixed with scintillation cocktail, and the radioactivity was measured in an automated scintillation ␤-counter (Wallac, Gaithersburg, Maryland). Saturation isotherms were analyzed by nonlinear regression with Prism software (Graph-Pad Software, San Diego, California). The results were expressed both per cell and per milligram of cell protein. The protein concentration was determined at the end of each experiment in the replicas of experimental and control monolayers using the Bradford assay (Bio-Rad).
